Recent efforts in our laboratory have explored the use of polyacrylate nanoparticles in aqueous media as stable emulsions for potential applications in treating drug-resistant bacterial infections. These emulsions are made by emulsion polymerization of acrylated antibiotic compounds in a mixture of butyl acrylate and styrene (7:3 wt/wt) using sodium dodecyl sulfate as a surfactant. Prior work in our group established that the emulsions required purification to remove toxicity associated with extraneous surfactant present in the media. This article summarizes our investigations of poly(butyl acrylate-styrene) emulsions made using anionic, cationic, zwitterionic, and noncharged (amphiphilic) surfactants, as well as attachable surfactant monomers (surfmers), comparing the cytotoxicity and microbiological activity levels of the emulsion both before and after purification. Our results show that the attachment of a polymerizable surfmer onto the matrix of the nanoparticle neither improves nor diminishes cytotoxic or antibacterial effects of the emulsion, whether or not the emulsions are purified, and that the optimal properties are associated with the use of the nonionic surfactants versus those carrying anionic, cationic, or zwitterionic charge. Incorporation of an N-thiolated β-lactam antibacterial agent onto the nanoparticle matrix via covalent attachment endows the emulsion with antibiotic properties against pathogenic bacteria such as methicillin-resistant Staphylococcus aureus, without changing the physical properties of the nanoparticles or their emulsions. © 2009 Elsevier Inc. All rights reserved.
dodecyl sulfate (SDS), before free-radical polymerization. Typically 3 wt% of SDS is used to form a stable emulsion, and up to 5% of the weight of the emulsion can be antibiotic drug, depending on its lipophilicity and size, either through covalent attachment to the polymer or by encapsulation during emulsion polymerization. Antimicrobial activity of these nanoparticle-bound antibiotics seemed to be dependent on the type of linkage holding the drug molecule to the polymeric matrix, and in particular, its susceptibility toward hydrolytic cleavage. 1, 3 The interaction of the nanoparticles in the emulsions with bacteria has not been defined but may be mediated by enzymatic degradation of the nanoparticle polymeric matrix at the bacterial membrane interface, thereby releasing the antibiotic drug into the membrane, or by endocytosis followed by drug release. Thus, altering the density or type of ionic charge on the nanoparticle surface may significantly alter these interactions, and thus the biological properties and drug delivery capabilities of the nanoparticles. It is our interest to further develop these polyacrylate nanoparticles and their aqueous emulsions for potential clinical applications, 5, 6 such as treatment of bacterial infections, and the issue of potential toxicity naturally arose. 7 In our most recent report we noted some bactericidal and cytotoxic effects associated with the use of SDS in amounts greater than 3 wt% for the emulsion polymerization, and investigated methods for purifying the emulsions to remove unassociated SDS and other potentially toxic contaminants. 7 The purification protocol we devised entailed a mild centrifugation of the crude emulsion (to remove suspended precipitates) followed by overnight dialysis in deionized water (to remove small-molecularweight contaminants including unassociated SDS). This simple procedure permits us now to prepare purified aqueous emulsions of SDS-stabilized polyacrylate nanoparticles suitable for more detailed studies on their antibacterial and cytotoxic properties. Considerable work has been done before with various types of surfactants [8] [9] [10] [11] [12] and drug delivery platforms 1, 4 with respect to mammalian toxicity, and because our aim is to ultimately develop these for antibiotics therapy, we wanted to explore this in the context of polyacrylate nanoparticles in aqueous media. Therefore, in this study we expand upon our previous investigations on SDS-stabilized poly(butyl acrylate-styrene) nanoparticles so as to discern a way to remove unwanted bactericidal or cytotoxic components in the emulsion, either through purification of the initial emulsion or by replacement of the surfactant used in the emulsion polymerization.
The nanoparticle surface was modified by exchanging anionic SDS for phosphate ion by simply dialyzing the centrifuged emulsion against phosphate-buffered saline (PBS) solution instead of deionized water. This was done for 24 hours, replacing the PBS buffer every 3 hours. The physical appearance of the emulsion changed from clear to milky, and dynamic light scattering indicated that the size of the nanoparticle increases almost fivefold (200 nm) from the original SDS-stabilized nanoparticle emulsions (45 nm).
Upon antibacterial and cytotoxicity testing, these phosphatestabilized emulsions were found to be considerably more toxic. Cell viability in fibroblasts treated with the emulsions diminished by almost half, and the bacterial minimum inhibitory concentration (MIC) for methicillin-resistant Staphylococcus aureus (MRSA) also increased substantially, relative to the original SDS system. Thus, the attempt to switch the anionic SDS for phosphate, though successfully achieved, gave much larger particles and failed to make the emulsion innocuous biologically. Therefore, we decided to explore some other options, by examining cationic, anionic, zwitterionic, and nonionic surfactants as stabilizers, as well as variants that bear an acrylate (polymerizable) moiety suitable for attaching the surfactant directly to the matrix. Our specific focus is on whether these types of surfactants can be used effectively in the emulsion polymerization, and what effects they may have on particle size, stability, and microbiological or cytotoxic activities.
To begin, a variety of commercially available surfactants were investigated in the formation of the poly(butyl acrylatestyrene) emulsions (Figure 1 ). These common agents include the anionic salt SDS (1), cationic salt cetyltrimethylammonium bromide (2), zwitterionic salt 3-(N,N-dimethylmyristylammonio)propanosulfonate (3), and neutral surfactant dodecanoic acid 2-(2-hydroxyethoxy)ethyl ester (4), to assess effects of surfactant charge on nanoparticle formation, particle size, emulsion stability, and biological activities (antibacterial, cytotoxic). In each case the amount of surfactant ranged from 1 to 10 wt% of the total solid content of the emulsion.
The type of surfactant used in the emulsion is known to influence the formation and stability of the nanoparticles, but we also know that biological interactions, migration properties, 9 and cellular toxicity of the surfactant through disruption of membrane integrity are all highly dependent on the concentration and structural properties of the surfactant Figure 1 . Four differentially charged surfactants 1, 2, 3, and 4 used to prepare poly(butyl acrylate-styrene) nanoparticle emulsions for these investigations.
itself. 13 Consequently, we are investigating acrylated variants of these different surfactants so that the molecule could be introduced covalently into the nanoparticle matrix during emulsion polymerization. The structures of these acrylated surfactant monomers, or surfmers, 14 are shown in Figure 2 and include the anionic surfmer, sodium 11-(acryloloxyundecan-1-yl) sulfate (5), the two cationic surfmers, (11-acryloyloxyundecyl)dimethyl(2-hydroxyethyl)ammonium bromide (6) and (11-acryloyloxyundecyl)dimethylethylammonium bromide (7), the zwitterionic surfmer, 3-[N,N-diethyl-N-(3-sulfopropyl)ammonio]acrylate (8) , and finally, the neutral surfmer, dodecanoic acid 2-(2-acryloyloxyethoxy)ethyl ester (9).
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Methods
All commercially available reagents including surfactants 1, 2, and 3 were purchased from Sigma-Aldrich Chemical Company (St Louis, Missouri) or Acros Organic (Pittsburgh, Pennsylvania) and used without further purification. Solvents were obtained from Fisher Scientific Company (Pittsburgh, PA). Thin-layer chromatography was performed using EM Reagent (EMD Chemicals Inc., Gibbstown, NJ) plates. Products were purified by flash chromatography using Silicycle Chemical Division (Quebec, Canada) flash chromatography silica gel (40-63 μm). Nuclear magnetic resonance (NMR) spectra were recorded in a 400-MHz Varian Instrument (Palo Alto, California) using deuterated chloroform (CDCl 3 ). 13 C NMR spectra were proton-broad band decoupled.
2-(2-Hydroxyethoxy)ethyl dodecanoate (4)
After placing 100 mg (5 mmol) of lauric acid in a roundbottom flask, 5 mL of dry CH 2 Cl 2 were added, followed by the addition of 1.244 g (6.48 mmol) of 1-ethyl-3-(3-dimethylamino)propylcarbodiimide hydrochloride, and a catalytic amount of 4-(N, N-dimethyl amino-pyridine) (DMAP) was then added. This solution was placed in an ice bath and stirred for 30 minutes, then 430 μL (21.4 mmol) of 2-hydroxyethyl ether were added. The reaction progress was followed by thin-layer chromatography. The reaction mixture was stirred overnight, the solvent was evaporated, and the product was purified using flash chromatography (hexanes to ethyl acetate, ratio starting by 4:1 to 2:1) to yield ester 4 as a colorless oil in 39% yield. 1 The surfactant monomers 5, 6, 7, 8, and 9 were prepared by O-acrylation of the commercially available alcohol precursors, as described below.
Sodium 11-acryloyloxyundecan-1-yl sulfate (5) Chlorosulfonic acid (8.65 g, 74.0 mmol) was placed in a three-necked round-bottom flask fitted with a mechanical stirrer, a dropping funnel, and nitrogen inlet. 11-Acryloyloxyundecan-1-ol (19.0 g, 78.0 mmol) was added dropwise over 1 hour with vigorous stirring. The reaction mixture was then stirred for 2 hours and purged with nitrogen for 2 hours more. The mixture at this point was a brown viscous liquid, which was added dropwise to an ice-cold, saturated NaHCO 3 solution (20 mL) with vigorous stirring. During the addition process the mixture was kept basic (pH paper) by adding solid NaHCO 3 , as required. 2-Propanol (56 mL) and water (90 mL) were added and the mixture was filtered, and the filtrate was washed two times with 40 mL of petroleum ether (boiling range of 40°to 60°C). The sample was then lyophilized, yielding 35.0 g of a light yellow waxy solid. The proton NMR spectrum of this compound matches the one reported.
This procedure is based on the published protocol of Sanderson and colleagues with modification as noted below. 12 11-Bromoundecan-1-ol (0.70 g, 2.8 mmol) was placed in a round-bottom flask, 5 mL of CH 2 Cl 2 were added, and the mixture was stirred at 0°C for 15 minutes. To this was added NaHCO 3 (0.34 g, 4.0 mmol) and 1 mg of hydroquinone (as radical inhibitor), then acryloyl chloride (340 μL, 4.0 mmol) was added dropwise. After stirring overnight the reaction mixture was evaporated, and the product was purified by flash chromatography to yield 0.68 g (88%) of a colorless oil used for the following step.
11-Bromoundecyl acrylate (0.57 g, 2.07 mmol), dimethylethanolamine (333 mL, 3.31 mmol), and 1 mg of hydroquinone were placed in a round-bottom flask fitted with a condenser. The setup was immersed in an oil bath and vigorously stirred at 50°C for 3 hours, to yield a brownish solid. This was washed several times with diethyl ether, yielding a pale brown powdery product. This was then dried under vacuum overnight, recrystallized in hot ethyl acetate, filtered, and dried overnight under vacuum to yield 0.61 g (76%) of 6 as a pale yellowish solid.
1 H NMR data match the reported values in the literature. 
2-(2-Acryloyloxyethoxy)ethyl dodecanoate (9)
After mixing 47 μL (1.95 mmol) of 2-(2-hydroxyethoxy) ethyl dodecanoate (4) with 3 mL of dry CH 2 Cl 2 ,153 μL (1.95 mmol) of acryloyl chloride and 1.0 mL (5.85 mmol) of Hunig's base were added. The reaction mixture was stirred overnight, washed with 5% HCl, and the organic layer was dried over Na 2 SO 4 . Evaporation of the solvent gave an oil that was purified by flash chromatography to give a colorless oily liquid in a 71% yield. 
Preparation of the polyacrylate nanoparticle emulsions
Poly(butyl acrylate-styrene) nanoparticles were prepared by emulsion polymerization as described in our previous publications. [1] [2] [3] [4] [5] Briefly, a 7:3 (wt/wt) mixture of butyl acrylate and styrene (total volume 1084 μL) was heated at 80°C for 10 minutes, followed by pre-emulsification in deionized water (4.0 mL) with simultaneous addition of the desired amount of surfactant (10-100 mg, 1-10 wt%) with rapid stirring. After 30 minutes, K 2 S 2 O 8 (10 mg, 1 wt%) was added to the homogeneous emulsion to induce polymerization. The mixture was then stirred for 6 hours at 80°C and cooled to room temperature (23-25°C) before purification as described below.
Purification of the emulsions
We subjected each of the freshly prepared emulsions to our previously described protocol. 7 Briefly, 1.0 mL of the above emulsion was initially centrifuged using an Eppendorf Centrifuge 5415 D at 13,200 rpm during 30 minutes in a 2.0-mL Eppendorf Safe-Lock (Eppendorf, Hamburg, Germany) centrifugation tube, then the centrifugate was dialyzed for 24 hours in a 3-inch section of 50K Spectra/Por dialysis tubing (Sigma) in 800 mL of deionized water. The water was changed after 2 hours, 4 hours, 6 hours, and 12 hours. The contents of the dialysis bag were then transferred into a 2.0-mL Eppendorf Safe-Lock centrifugation tube and centrifuged at 132,000 rpm for 10 minutes before physical analysis.
Measuring the solid content of the emulsions
The percentage solid content of each nanoparticle emulsion was determined by freeze-drying a weighed, 2-mL volume of purified emulsion (as described above) on a Virtis Sentra Freezemobile 12XL instrument (Virtis Sentra, Gardiner, New York) for 24 hours, and the dried residue was then carefully weighed on a Sartorius CP124S balance (Sartorious, Goettinger, Germany). The weight percentage was calculated by dividing the dried weight by the initial weight of the emulsion, and multiplying by 100.
Dynamic light scattering analysis of the emulsions
Particle size analysis of the emulsions was determined using a UPA 150 Honeywell MicroTrac instrument (Honeywell Inc, Morristown, New Jersey), after diluting the emulsions with deionized water to about 100 μg/mL. Analysis was performed in triplicate (180 seconds per run per sample). Determination of the particle size was calculated directly by the instrument with the respective standard deviation value. Zeta potential measurements were likewise done in triplicate by micro-electrophoresis on a Brookhaven ZetaPALS instrument (Brookhaven, Holtsville, New York). For these measurements the emulsion was first diluted to 1.5% of its initial solid content (20%). For each sample, 2 × 10 runs were performed and averaged.
Assay of in vitro microbiological activity of the nanoparticle emulsions against MRSA The MIC of each emulsion was determined in broth by serial dilution; according to NCCLS protocols. 15 The test medium was prepared in 100-mm glass test tubes by adding In vitro cytotoxicity assay of the nanoparticle emulsions Cytotoxicity was evaluated using human keratinocytes cells, which were grown in Dulbecco's modified Eagle medium (DMEM) at 37°C with a 5% CO 2 atmosphere for several days until cells were confluent. The cells were harvested and resuspended in DMEM containing 10% fetal bovine serum and 0.1% gentamicin. The cells were counted using a hemocytometer, the total number of cells was determined, and the cells were seeded into 96-well plates at 50,000 cells per well. Each well contained 150 μL DMEM with 10% fetal bovine serum and 0.1% gentamicin. Cells were allowed to grow for 4-6 hours before treatment with the nanoparticle emulsions. The emulsions being assayed were added directly to the medium in each well at the following dilutions (volume of emulsion to volume of medium): 1:150, 1:125, 1:100, 1:75, 1:50, and 1:25. Testing of each emulsion at each concentration was performed in triplicate. On each 96-well plate, 3 wells were left untreated for use in calculating the 100% absorbance value. The plates were then incubated for 48 hours and observed under the microscope at various time points. A 5 mg/mL solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) in PBS was prepared, and 15 μL (10% of the total culture volume) were added to each well except those designated as instrument blanks. The plates were incubated for 4 hours to allow sufficient time for the conversion of the MTT dye (yellow liquid) to the water-insoluble formazan derivative, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (purple solid) by the mitochondrial dehydrogenases in the living cells. After incubation, purple crystals were observed and the medium was removed from each well by aspiration. The crystals were then dissolved by adding 100 μL of dimethylsulfoxide to each well. Dimethylsulfoxide was also added to the wells designated as reference blanks. Viable cell count was determined spectrophotometrically using a microplate reader by measuring the absorbance at two discrete wavelengths (595 and 630 nm). For each emulsion at each concentration, the absorbance values were averaged and the percentage cell viability was determined as a percentage of the average absorbance obtained from the untreated cells.
Results
Each of the freshly prepared (raw) emulsions obtained with the different surfactants was evaluated in terms of physical properties (size, surface charge) and in vitro cytotoxicities using human keratinocytes cell cultures, because of their high sensitivity to the surfactant's toxic effects as observed from previous studies. 7 Samples were also purified by centrifugation of the crude emulsions to remove residual sedimentation, followed by dialysis into water using a 50,000-molecular weight cutoff membrane tubing to remove small-molecule contaminants. 7 This is the same procedure that we reported previously for purification of SDS-stabilized polyacrylate emulsions, which removes most of the contaminants that give rise to bactericidal and cytotoxic behavior. 7 Both the freshly prepared (raw) and purified emulsions were analyzed by dynamic light scattering to compare average particle size, size distribution, and surface charge concentration (zeta potential) for each sample. Table 1 shows the average particle size of the nanoparticles in the emulsions as a function of surfactant used in the emulsion polymerization. In each case, 3 wt% of the surfactant was used for the reaction. The smallest particles, measuring around 40 nm, were obtained for the anionic surfactant SDS, whereas the largest particles (around 400 nm) were formed in emulsions made with the zwitterionic (3) and nonionic (amphiphilic) surfactants (4). The particle size distributions and zeta potential values were also analyzed after purification of the emulsions (Table 1) . Purification does remove large colloidal precipitates in the emulsions prepared from the surfactants 2, 3, and 4, as reflected by the diminished particle sizes following purification. The zeta potential values of these emulsions, a measure of surface charge and particle stability, do not change appreciably upon purification for emulsions prepared from different surfactants 1, 2, 3, and 4 ( Table 1) . Next we investigated whether attaching the surfactant agent covalently to the polymeric chain of the nanoparticle could alter stability or toxicity of the emulsions. The surfactant studied in this case carries an acrylate moiety for attachment to the polymer matrix during emulsion polymerization, as described for SDS. In general we observed that the emulsions prepared with conventional surfactants are visibly clearer than those prepared with the acrylated surfactant monomers (surfmers) and are also more stable in that they do not settle out or coagulate over time. This may be related to particle size, in that the average diameter of the nanoparticles in the emulsion increases when a polymerizable (attachable) surfmer is used in place of a conventional surfactant. For instance, although SDS-stabilized emulsions show average particle sizes around 40 nm, the corresponding emulsion made with anionic surfmer 5 contained nanoparticles around 110 nm in diameter. Purification did not alter the size distribution in this case. For the nonionic surfactant systems the emulsions were much milkier and show average particle sizes of over 300 nm (after purification) for conventional agent 4 and over 500 nm for the surfmer variant. A plausible explanation for this size difference could be related to the grade of mobility that the surfactant has to reorganize to form the micelle. The covalently bound surfactant molecule loses its freedom because of its linkage to the polymer backbone, increasing the physical distance between charged surfactant monomers during the formation of the nanoparticle. For the noncharged agents, where the surfmer gives smaller particles, the absence of charge on the surface and hydrophobic effects between surfactant molecules could account for the reduction in overall particle dimensions. This effect has previously been observed for reversible-addition-fragmentation chain transfer emulsion polymerizations of methyl methacrylate. 10 As expected, when anionic surfactants such as SDS (1) and surfmer 5 are used, the nanoparticle surface is negatively charged, whereas positive zeta potential values are obtained for emulsions made with the cationic surfactants 2, 6, and 7 even though their net values are diminished as a result of anionic sulfate from the persulfate initiation step ( Table 1 ). The zeta potential of the emulsions prepared from a conventional surfactant is generally larger than that of its surfmer analogue, which may be a result of the surfactant molecule mobility being reduced when the surfactant is covalently attached to the polymer backbone, lowering the electrical potential between the Stern layer and the diffuse layer. As expected, emulsions prepared with nonionic surfactants 4 and 9 show low surface charge.
Although the emulsification process requires a tensoactive component 13, 14 to ensure that the mixture is homogeneous and stable, surfactants are known to have inherent antimicrobial and cytotoxic properties at elevated levels due to their powerful detergent effects on cellular membranes. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] For assessing drug delivery capabilities of surfactant-stabilized nanoparticles, it is important to reduce this undesired property as much as possible to ensure that any observed antibacterial activity is due to the drug itself, not to the delivery vehicle. The toxicity associated with surface-active agents such as SDS and other commonly used surfactants (in the absence of nanoparticles) has been widely studied in various eukaryotic cell lines by several different methods, such as fathead minnow-sp 19 ; human fibroblasts, [16] [17] [18] [19] [20] [21] epithelial cells, 22 keratinocytes, [23] [24] [25] [26] and gingival cells 27 ; and by measuring hemolytic activity. 28 Furthermore, our preliminary experiments found elevated cytotoxicity for the emulsions prepared using more than 3 wt% of SDS, and that this toxicity could be significantly reduced by removing excess (unassociated) SDS by purification. 7 Investigating this further, we examined each of the emulsions prepared with surfactants 1, 2, 3, and 4 for in vitro antibacterial properties and cytotoxicity. Table 2 summarizes the MICs for emulsions prepared from surfactants 1, 2, 3, and 4 that we obtained in testing against MRSA (ATCC 43300), using 3-7 wt% of surfactant in the emulsion polymerization of butyl acrylate and styrene (7:3 wt/wt). These results confirm that all of the surfactant types, except for the nonionic surfactants (4 and 9), are cidal to MRSA, suggesting that the stronger detergent activity of the charged, nonassociated surfactants can induce lysis of the cellular membrane. Interestingly, our data show no discernible difference in microbiological efficacies between the noncovalently attached (conventional) surfactants and the polymerizable surfmers.
In follow-up to this, we investigated the effects of purification of the emulsions (by centrifugation and Cationic surfmer ( 6) 1 6 3 2
Nonionic surfmer ( 9) 256 256 dialysis, as previously described) on their in vitro antibacterial activities. Our objective was to determine if surfactant and residual impurities from the polymerization process in the bulk medium were causing bactericidal effects, and whether this could be obviated by purification as we reported previously for SDS-stabilized emulsions. Table 2 gives the observed MIC values for each emulsion prepared from surfactants 1, 2, 3, 4, 5, 6, 7, 8, and 9, before and after purification, using a representative MRSA strain as a test microorganism. From Table 2 it is clear that bioactivities vary greatly depending on the type of surfactant used and its charge, as well as whether the emulsions are purified or not. The smaller the MIC values the greater the bactericidal effect. The cationic systems (made from 2 and 6) have the strongest cidal effects on these bacteria, much more so than anionic or zwitterionic systems, whereas no microbiological activity is observed for the emulsions from nonionic surfactants 4 and 9 even in the absence of purification. Furthermore, it is noted that purification does significantly reduce antimicrobial activity of emulsions prepared from charged surfactants, which we attribute to the removal of excess (toxic) surfactant and impurities from the polymerization process. For preparing the emulsions, 3 wt% of SDS or 3-7 wt% of the other surfactants (except for nonionic surfactants 4 and 9, which were 7 wt%) was used as required to make stable, purifiable emulsions. The nonionic agents, whether used as conventional or polymerizable surfactants, do not cause toxicity in the resulting emulsions, and thus would be ideal for potential pharmaceutical preparations even though more is needed to form stable emulsions.
The emulsions prepared from surfactants 1, 2, 3, 4, 5, 6, 7, 8, and 9 were then individually evaluated for cytotoxicity against human keratinocytes. These experiments involved exposing the cultured keratinocytes cells to different dilutions of the emulsions (crude vs purified) on 96-well plates over a 48-hour growth period. Cell viability was determined by MTT assay (Figure 3) . What we observed, as anticipated, was that purification of the emulsions before biological testing led to an increase in the percentage of viable keratinocyte cells but only in the case of emulsions prepared from anionic surfactants 1 and 5. For those from cationic surfactants 2, 6, and 7, cell viability was appreciably reduced even at low concentrations, indicative of elevated cellular toxicity. Purification did not improve cell viability. The emulsions obtained from zwitterionic surfactants 3 and 8 were substantially better than those from either anionic or cationic agents, but again, purification did not seem to alter this. However, nonionic surfactants 4 and 9 gave excellent results that parallel the bacterial MIC data, whether or not the samples were purified before testing.
We have previously reported the preparation of SDSstabilized polyacrylate emulsions as a means to watersolubilize N-thiolated β-lactams for use as anti-MRSA agents. 1 In view of what we have learned in this current study, it became of immediate interest to us to determine whether even a relatively weak antibacterial agent such as lactam 10 (MIC 128 μg/mL against MRSA) 1,30 could provide antimicrobial activity to a biologically innocuous nanoparticle (Figure 4) . Thus, having selected the nonionic surfactants as the preferred ones to use to prepare toxicityfree nanoparticles, we embarked on a final experiment in which an antibiotic agent (lactam 10) is introduced into the nanoparticle emulsion. For this we examined the nonionic surfactants 4 and 9, which we used at 7 wt% for the emulsion polymerization, and 3 wt% of lactam 10. For both cases the bioactivity of the nanoparticle emulsions against MRSA improve measurably, from 256 μg/mL for the drug-free samples to 32 μg/mL (when the drug is included).
These investigations have revealed that polyacrylate nanoparticles can be prepared conveniently by emulsion polymerization using anionic, cationic, zwitterionic, and uncharged surfactant. The resulting size and biological (1) 7% Tween 20 and 1% Potassium persulfate (KPS), pH 3.6, raw (blue) and purified (pink); (2) 3% cationic surfactant without drug, raw (blue) and purified (pink); (3) 5% cationic surfactant without drug, raw (blue) and purified (pink); (4) 7% cationic surfmer (hydroxy) without drug, raw (blue) and purified (pink); (5) 3% zwitterionic surfactant without drug, raw (blue) and purified (pink); (6) 3% anionic surfmer with β-lactam 10, raw (blue) and purified (pink); (7) 7% nonionic valeric surfactant, 1% KPS, with β-lactam 10, raw (blue) and purified (pink); (8) 3% zwitterionic surfactant with β-lactam, raw (blue) and purified (pink); (9) 50% Pluronic F68; (10) 50% Pluronic F68 with β-lactam 10, raw (blue) and purified (pink). properties of these nanoparticles are highly dependent on the surfactant, with uncharged systems affording the largest particles in the range of 300-400 nm and lowest toxicities to human and microbial cells. By comparison, the anionic, cationic, and zwitterionic nanoparticle emulsions are much smaller, and in general, more cytotoxic than the nonionic nanoparticle systems. Antibacterial and tissue toxicity experiments indeed indicate that the cationically charged surfactants produce emulsions that are much more toxic to bacterial and mammalian cells as compared with those stabilized by anionic, zwitterionic, or uncharged surfactants, even with purification of the samples before testing. We have determined in this regard that for the anionically stabilized nanoparticles most of the observed toxicity of the crude polyacrylate emulsions can be diminished by a simple purification procedure of benchtop centrifugation and overnight dialysis.
Discussion
In attempts to devise new methodologies for drug delivery, the avoidance or elimination of toxicity associated with emulsion components or intermediates formed during the emulsion polymerization process is a key concern. It is important to understand what, if anything in the emulsion, may cause unwanted toxicity, and if so, how to minimize it by purification or use of a nontoxic substitute. In so doing we need to know how these alterations may also affect deliverability, loading, targeting, drug release, and cell permeability, which depend keenly on particle size, stability, and surface charge. We found that the use of chemically attachable (polymerizable) surfactants such as those demonstrated for surfmers 5, 6, 7, 8, and 9 do not adequately solve the problem. On the contrary, the size of particle increases for the charged surfmers (relative to the conventional surfactants) and the stability of the emulsions is notably affected. On the other hand, surfmers do not seem to introduce additional burdens associated with toxic effects of the nanoparticle emulsion, which bodes well for the design of more advanced variants that may allow for bacterial cell targeting and biodegradability. We also observed from the bacterial MIC and cytotoxicity data that the charge of the surfactant used for the emulsion polymerization affects to a large degree the biological activity of the emulsions. In fact, the cationic surfactant showed an unacceptably high level of bacterial growth inhibition and cytotoxicity, which is reflective of the strong interactions the nanoparticles probably have with the anionic cell membrane. Similar activity was observed for the emulsions prepared with zwitterionic surfactants, albeit to a somewhat lesser degree. However, emulsions prepared with the nonionic surfactants show no inhibitory effect on bacteria (MIC N256 μg/mL) when no drug was incorporated in the final formulation. Using the nonionic surfactant for the nanoparticle formation, incorporation of the antibiotic into the emulsification lowered significantly the bacterial MICs as compared with the drug-free system. This indicates that the microbiological activity comes exclusively from the antibiotic contained within the nanoparticle and not to the nanoparticle itself or other emulsion components.
In summary, these investigations identified a simple procedure for obtaining polyacrylate nanoparticle emulsions with little if any inherent bioactivity or toxicity, either through purification of the emulsions or by choice of a suitable stabilizing surfactant. This allows an accurate assessment of inhibitory effects produced by antibioticcontaining polyacrylate nanoparticles and thus a valid determination of how effective these systems may ultimately be for treatment of bacterial infections.
